Introduction {#sec1}
============

Nanoparticles serve as the building block in an increasing amount of advanced materials and devices. Therefore, they are used in processes such as fluidization,^[@ref1],[@ref2]^ coating,^[@ref3],[@ref4]^ or mixing^[@ref5],[@ref6]^ to be implemented in products like gas sensors,^[@ref7]^ batteries,^[@ref8]^ or drug delivery systems.^[@ref9],[@ref10]^ In order to achieve best performance, it is crucial to have good control over the contact forces between the nanoparticles.^[@ref11]−[@ref13]^ At the nanoscale, contact forces usually dominating over inertial forces and thus determine the interplay of individual nanoparticles.^[@ref14]^ They promote agglomeration of single nanoparticles, which explains why nanoparticles are rarely present individually.^[@ref15]^ On the one hand, individual nanoparticles would be advantageous for a lot of applications, on the other hand, also well-controlled degrees of agglomeration can be desired for certain applications. Hence, a fundamental understanding of the contact forces between single nanoparticles is necessary to achieve high-efficiently processes and high-quality products.

In general, contact forces are the summation of van der Waals, capillary, electrostatic, and double layer forces.^[@ref16],[@ref17]^ Since most of the industrial processes for nanoparticle synthesis are performed in the gas-phase,^[@ref18],[@ref19]^ this work focuses on contact forces between nanoparticles under ambient atmospheric conditions. Furthermore, it is questionable if state-of-the-art continuum theories sufficiently describe molecular interactions which become increasingly important at the nanoscale.^[@ref20],[@ref21]^ Therefore, we consider three possible forces: (i) van der Waals, (ii) capillary, and (iii) solvation. van der Waals forces between particles are generally described by the Hamaker approach.^[@ref22]^ The capillary force model depicts the formation of a liquid meniscus between two particles. Besides air humidity, the capillary force depends strongly on the macroscopic water contact angle of the material.^[@ref23]^ Finally, the solvation force predicts structuring of molecules between two opposite surfaces (e.g., particles). The molecules take discrete positions in the gap, leading to discrete energetically favorable gap distances.^[@ref24],[@ref25]^ In contrast to the Hamaker and capillary model, the solvation model is a noncontinuum approach. We analyze all experimentally determined contact forces in this work with regard to these three force models.

Measuring contact forces between nanosized objects is challenging. Typically, the atomic force microscope (AFM) is used.^[@ref21],[@ref26]−[@ref32]^ This instrument measures the forces between a fine tip against an arbitrary substrate.^[@ref26],[@ref27]^ Multiple studies analyzed the acting forces between a single AFM-tip and flat surfaces and connected them to varying combinations of force models.^[@ref21],[@ref23],[@ref27]−[@ref34]^ However, all these studies were limited to the tip--sample system without investigating real nanoparticles and did not use a coherent description of acting forces. Friedlander studied the mechanical behavior of nanoparticle agglomerates under strain with an AFM.^[@ref35],[@ref36]^ In a recent study, we pursued these investigations by detailed analyses of the measured forces. We showed that penetrating highly porous nanoparticle agglomerates with an AFM-tip is a reliable technique to measure contact forces directly between two individual nanoparticles. Parts of the agglomerate adhere to the AFM-tip. During retraction this parts unfold and finally detach at a particle--particle contact. Analyzing this particle--particle breakage, our study suggested that contact forces between nanoparticles can be described by combination of capillary and solvation forces revealing the necessity to consider noncontinuum effects.^[@ref20],[@ref37]−[@ref39]^ However, the measurements were focused on hydrophilic TiO~2~ nanoparticles, and therefore, the influence of key properties such as material, surface, and environment has to be proven for a general implementation. So far, no accurate characterization of the contact forces between two individual nanoparticles is available in the literature.

This paper elucidates the major interparticle forces between metal oxide nanoparticles in the gas-phase based on force spectroscopy. We show that these forces can be explained by a combination of capillary and solvation forces. To highlight the importance of surface properties and to show the general validity of our force concept, we analyze systematically two different metal oxides. We then propose a mathematical description which calculates the contact forces in agreement with our experimental results.

Experimental Section {#sec2}
====================

Particle Characterization {#sec2.1}
-------------------------

In this study, industrially made TiO~2~ and Al~2~O~3~ nanoparticles (Evonik industries) were analyzed. Both materials were purchased in two surface variations, hydrophilic and hydrophobic. The hydrophobic surfaces were achieved by hydrophobization of the hydrophilic nanoparticles.^[@ref40]^ The primary particle size distributions were analyzed in a Joel 1400 TEM in vacuum of 10^--5^ mbar and a voltage of about 120 kV. Further, the infrared spectra of the nanopowders were obtained by Diffuse Reflectance Infrared Fourier Transform spectroscopy (DRIFT) measurements using a IF566 spectrometer (Bruker) equipped with a praying mantis accessory and a temperature reaction chamber (Harrick). The samples were heated up to 120 °C for 1 h in helium environment to remove the physisorbed water and study the OH surface group structure. Also, TGA analysis was performed on all four powders. The powders where heated up from 20 to 120 °C with 10 °C/min, 10 min break at 120 °C, and then to 700 °C with 20 °C/min in a nitrogen atmosphere to quantify the amount of physisorbed water and OH surface groups based on the work of Mueller.^[@ref41]^

Force Measurements {#sec2.2}
------------------

Nanopowders were cautiously heaped up onto a double-sided tape on a microscope slide. Then the microscope slide was knocked off to remove loosely bounded agglomerates. This procedure was repeated three times for every sample to achieve a homogeneous distribution of nanoparticle agglomerates in the size range of a few hundred μm onto the double-sided tape.^[@ref39]^

Atomic force microscope measurements were taken in a Nanowizard 3 (JPK) using triangular Si~3~N~4~ cantilever (DNPS from Bruker). The AFM was mounted onto a vibration isolation table (i4 from Accurion) in a noise isolation box (JPK). Force measurement were performed under ambient conditions (temperature ∼20 °C and humidity ∼50%). The spring constant of the cantilever were 0.14 N/m and determined with the thermal noise method on a cleaned microscope glass slide.^[@ref42]^ Nanoparticle agglomerates was selected by a top view camera mounted on the AFM. Then 64 force curves were recorded using force mapping mode within an 8 × 8 grid over an area of 2 × 2 μm. This procedure was repeated multiple times on different agglomerates to average local inhomogeneity's and collect between 250--450 force curves for each single sample. The applied force was between 2.5 and 5 nN and the cantilever speed was fixed to 2 μm/s for every sample. The measured contact force between two single nanoparticles was determined by a statistical analyses of the last peak in the corresponding force curves, as described in detail in ref ([@ref20]).

Results and Discussion {#sec3}
======================

Characterization of Nanopowders {#sec3.1}
-------------------------------

Since surface properties strongly influence the strength of acting contact forces we investigate two different metal oxides of general interest, TiO~2~ and Al~2~O~3~.^[@ref16]^ Both materials where chemically treated by the manufacturer leading to two surface modifications of each material. The Brunauer--Emmett--Teller (BET) diameter is given from the supplier and based on nitrogen adsorption--desorption measurements.

To analyze the primary particle sizes, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A--D shows the TEM images for TiO~2~-philic, TiO~2~-phobic, Al~2~O~3~-philic, and Al~2~O~3~-phobic, respectively.

![TEM analysis of TiO~2~ and Al~2~O~3~. (A, B) TEM images of TiO~2~-philic and TiO~2~-phobic, respectively. (C, D) TEM images of Al~2~O~3~-philic and Al~2~O~3~-phobic, respectively. (E) TEM-based primary particle size distributions reveal no significant size differences based on the hydrophobization process.](la-2016-02982w_0001){#fig1}

The obtained primary particles distributions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}E) were fitted by log-normal distributions (fits are not shown) which showed the best fits and are in good agreement with the literature.^[@ref43]^ The calculated maxima of the fitted distribution were 9, 10, 17, and 18 nm for hydrophilic and hydrophobic alumina and hydrophilic and hydrophobic titania, respectively. Compared to the BET values (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), the obtained values are about 3--4 nm smaller. However, this discrepancy is based on the single measurement techniques as already reported in ([@ref44]). The TEM analysis reveals no change in primary particle size due to surface treatment. Therefore, no change in particle morphology is assumed which is supported by qualitative analyses of the TEM images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A--D).

###### Used Nanopowders Based on Supplier Information

  signature          material    surface type   *d*~BET~ in nm
  ------------------ ----------- -------------- ----------------
  TiO~2~-philic      TiO~2~      hydrophilic    21
  TiO~2~-phobic      TiO~2~      hydrophobic    21
  Al~2~O~3~-philic   Al~2~O~3~   hydrophilic    13
  Al~2~O~3~-phobic   Al~2~O~3~   hydrophobic    13

For all considered contact force models the structure of the surface is very important. The amount of OH-surface groups determines the physisorption of water molecules. This influences the materials Hamaker constant *A*~H~, the contact angle θ, and the structuring of the water molecules on the particle surfaces.^[@ref16],[@ref17]^ Therefore, the nanoparticles surfaces are comprehensively analyzed by DRIFT ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) and thermogravimetric analysis (TGA/[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) measurements.

![DRIFT measurements at 120 °C show the presence of hydroxyl groups for both hydrophilic materials. For the hydrophobic materials the amount of hydroxyl groups is clearly reduced (peaks at 3600--3800 1/cm). Further, the presence of hydrophobic groups, namely aliphatic C--H bonds, for hydrophobic TiO~2~ and Al~2~O~3~ between 2800 and 3000 1/cm is obvious.](la-2016-02982w_0002){#fig2}

![TGA analysis shows an OH surface density of 6.4 and 11 \#/nm^2^ for hydrophilic TiO~2~ and Al~2~O~3~. The amount of physisorbed water is decreased for the hydrophobic counterparts.](la-2016-02982w_0003){#fig3}

The DRIFT measurements reveal the composition of the surfaces of the different materials. Based on the high temperatures (120 °C) during the measurements physisorbed water (3400--3600 1/cm) diminishes for TiO~2~, while Al~2~O~3~ still shows the presence of water molecules on the surface. However, the OH surface groups between 3600--3800 1/cm (peak for TiO~2~ and small shoulder for Al~2~O~3~) can be identified for both hydrophilic materials while the peaks are not present for the hydrophobic versions of the materials ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). These results are in good agreement with an earlier FTIR/XPS study where Erdem et al. reported that the number of OH surface groups reduces from 3,3 \#/nm^2^ for TiO~2~-philic to 1.8 \#/nm^2^ for TiO~2~-phobic.^[@ref45]^ Since DRIFT measurements are not able to quantify the exact amount of OH groups per area, TGA analyses were performed on all four powders.

The TGA measurements were normalized to the weight at 120 °C to distinguish between physisorbed water and OH surface groups, as described in detail by Mueller et al.^[@ref41]^ Based on this method the amount of OH surface groups can be calculated with the weight loss above 120 °C for the hydrophilic powders. The hydrophobic powders show a much larger weight loss above 120 °C since both, OH surface groups and organic molecules from the hydrophobization process desorb. A distinction between the OH groups and the organics was not possible. For the hydrophilic nanoparticles a value of 6,4 \#/nm^2^ and 11 \#/nm^2^ for TiO~2~ and Al~2~O~3~ are obtained, which is in good agreement with earlier studies.^[@ref41]^ Furthermore, the TGA reveals that the hydrophilic nanoparticles carry more physisorbed water than the hydrophobic ones before the temperature treatment. However, it is obvious that even in pure N~2~ atmosphere, all four powders carry a noticeable amount of water which only disappears by increasing the temperature. This was confirmed by DRIFT measurements at room temperature (see [Figure S1, Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02982/suppl_file/la6b02982_si_001.pdf)).

AFM Force Measurements between Single Nanoparticles {#sec3.2}
---------------------------------------------------

To analyze the contact forces between two individual nanoparticles, AFM force spectroscopy was performed on all four powders (ambient conditions) by penetrating highly porous agglomerates with the AFM tip and extract single chains of nanoparticles, as described in the methods. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows selected force curves for hydrophilic titania (A) and hydrophobic alumina nanoparticle agglomerates (B; for more data, see [Figures S2 and S3, Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02982/suppl_file/la6b02982_si_001.pdf)). During approach the AFM-tip pierces into the agglomerate while nanoparticles are pushed away and rearrange as shown by the peaks in the approach curve.^[@ref20],[@ref39]^ During retraction, nanoparticles stick to the tip and bridge the tip with the agglomerate. The chain between the tip and the agglomerate unfolds by rearranging, rolling/sliding, and breaking bonds between the nanoparticles explaining the multiple peaks in the force curve. While the first peaks contain information on multiple nanoparticles in contact, we recently showed that the last peak can be related to the breakage of the bond between two individual nanoparticles (for clarification, see also [Figure S4 in the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02982/suppl_file/la6b02982_si_001.pdf)).^[@ref20],[@ref38]^ Therefore, we focus in this study only on the measured contact force between two individual nanoparticles obtained from the last peak (*F*~c~).

![Force curves of hydrophilic titania (A) and hydrophobic alumina (B) nanoparticle agglomerates. The agglomerates first unfold and finally break at two individual nanoparticles in contact. The last peak (*F*~c~) refers therefore to the contact force between two individual nanoparticles.](la-2016-02982w_0004){#fig4}

A statistical analysis of the last peak (*F*~c~) can give fundamental inside into the acting contact forces between two individual nanoparticles. Therefore, [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows normalized contact force distributions obtained from force curves measured on TiO~2~ and Al~2~O~3~ with and without surface modifications.

![(A) Force distributions of the contact force between hydrophilic and hydrophobic titania nanoparticles obtained from the last peak of the measured force curves. (B) Force distribution of the contact force between hydrophilic and hydrophobic alumina nanoparticles. The hydrophobic nanoparticles show much lower contact forces than their hydrophilic counterparts. This trend is less prominent for alumina based on the larger amount of OH-surface groups and physisorbed water.](la-2016-02982w_0005){#fig5}

In the case of TiO~2~, the distributions show a log-normal behavior which is in good agreement with previous measurements.^[@ref20]^ The maximum of the distribution for the hydrophobic TiO~2~ is at 0.5 nN and for the hydrophilic TiO~2~ at 2.8 nN. For Al~2~O~3~ the maximum of the hydrophobic nanoparticles is at 1.2 nN, while the force increases again for the hydrophilic to 2.7 nN. The TiO~2~ force distributions show a significant difference while the distributions overlap to a certain extent in the case of Al~2~O~3~. The surface characterization revealed that all particles carry a certain amount of physisorbed water. This amount of water corresponds to a layer of 1--2 nm high; so about 1 order of magnitude smaller than the particle diameter (2--40 nm). In earlier studies we already showed by AFM force measurements and all atom Molecular Dynamics simulations that contact forces between hydrophilic TiO~2~ nanoparticles in the size range of ∼10 nm can be described by a combination of capillary and oscillating forces (solvation forces).^[@ref20],[@ref37]^ Therefore, we think that two individual metal oxide nanoparticles interact via a network of water molecules between them. This network is much weaker for hydrophobic particles leading to decreased contact forces. However, the hydrophobic Al~2~O~3~ nanoparticles still carry a noticeable amount of physisorbed water (see [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), explaining why the force difference is less-pronounced compared to TiO~2~. The interaction via this water molecule network further explains the generally strong measured forces for Al~2~O~3~. Based on [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the Al~2~O~3~ nanoparticles are much smaller compared to TiO~2~ and contact forces scale with particle size.^[@ref14]^ However, the large amount of OH-surface groups and physisorbed water on the smaller Al~2~O~3~ nanoparticles explain why the measured contact forces are in the same size as for the larger TiO~2~ nanoparticles. Recent studies show that the structuring of water molecules and oscillating forces have to be considered for a correct description of water menisci on the scale of a few nanometer.^[@ref46]−[@ref49]^ However, direct measurements of oscillating forces in a chain of nanoparticles using an AFM is very challenging because of the "jump-out" problem. When the applied force exceeds the spring constant of the cantilever the tip jumps away from the sample. Using a stiffer tip would avoid this problem but decrease the sensitivity of the measurement.^[@ref46]^ Therefore, theoretical or computational approaches have to be used to analyze the details in the last peak (*F*~c~). Capillary, as well as solvation forces, strongly depend on the physisorbed water.^[@ref16],[@ref17]^ In the case of hydrophilic nanoparticles, OH-surface groups enhance the physisorption of water (see [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). This leads to a stronger capillary as well as a more structured ensemble of water molecules in the gap between the particles, while for hydrophobic particles both effects are less pronounced. However, describing the molecular interactions by the solvation force model directly excludes the macroscopic van der Waals model, which is typically used to describe the contact forces between particles.^[@ref50],[@ref51]^ Both models use the van der Waals interaction between single molecules as a basis. While the macroscopic van der Waals model is a simple pairwise add up of these interactions the solvation force model considers the discrete positions and structures of the interacting molecules. Furthermore, the macroscopic van der Waals model would predict a decreased force for the smaller Al~2~O~3~ particles compared to TiO~2~ since their Hamaker constants are similar, which contradicts the measured results.^[@ref52],[@ref53]^

To further prove the influence of physisorbed molecules on the contact forces, AFM experiments with TiO~2~-philic were repeated under enriched isopropanol atmosphere.

In the presence of isopropanol the contact forces decrease from a maximum of 2.8--0.7 nN ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A), which is comparable to the measured differences between hydrophilic and hydrophobic nanoparticles ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Based on the stated picture of contact forces ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B), the amphiphilic isopropanol molecules physisorbed onto the particle surfaces. While the polar part directly connects with the OH surface groups, the apolar parts act as an hydrophobic coating weakening the water network between the particles. Therefore, the interaction force is lower compared to hydrophilic TiO~2~ at ambient conditions. This influence of isopropanol on contact forces was already reported on a macroscopic scale during fluidization of oxide nanoparticles.^[@ref1]^ A comparison to the macroscopic van der Waals model again leads to different results. Since the Hamaker constant does not decrease in the presence of isopropanol, the calculated force stays the same.^[@ref54]^

![(A) Force distribution for TiO~2~-philic under ambient conditions and in isopropanol atmosphere. The presence of isopropanol leads to a shielding of the polar interactions based on the weaker molecular interactions. (B) Schematic depiction of two interacting nanoparticles. Physisorbed water molecules structure between the nanoparticles leading to the formation of a liquid meniscus (dashed blue lines).](la-2016-02982w_0006){#fig6}

Mathematical Description of the Contact Forces {#sec3.3}
----------------------------------------------

To test the hypothesis derived from the literature that contact forces between individual metal oxide nanoparticles can be described by a combination of capillary and solvation forces we develop a mathematical model (*F*~c~ = *F*~cap~ + *F*~sol~) and compared it to the state-of-the-art van der Waals model. Capillary force *F*~cap~ is calculated by the means of the continuum model for two equal spheres ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A).^[@ref16]^Here *R* is the particle radius, θ the contact angle, β describes the position of the three-phase contact line, γ is surface tension, *V* is the volume of the meniscus assumed to be constant, and *D* is the interparticle distance. All used values are listed in [Table S1 in the Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02982/suppl_file/la6b02982_si_001.pdf). The validity of this macroscopic approach for nanoparticles is questionable. However, the adjustment of the continuum capillary model for nanoparticles is still object of a strong debate.^[@ref28],[@ref30],[@ref55]−[@ref58]^ Since correct values for θ, γ, or the validity of a circular meniscus is not well understood for nanoparticles so far, we prefer to use a simple and verifiable model to describe the meniscus force.

The solvation force *F*~sol~ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B) is calculated by [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} based on the work of Horn et al.^[@ref24]^ and adapted for two spherical particles.λ is the decay length and *d*~0~ the layer thickness. Both values are assumed to be equal to the molecule size.^[@ref16]^ Φ is a phase shift and *f*~0~ is the amplitude of the first maximum normally regarded as a fitting parameter, while we obtained a correct value from MD simulations of TiO~2~ nanoparticles in bulk water.^[@ref37]^ For a more detailed description of [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02982/suppl_file/la6b02982_si_001.pdf).

The van der Waals forces are described by the means of the standard Hamaker model:^[@ref22]^with *A*~H~ being the Hamaker constant. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C shows the calculation for the contact forces over distance compared to the outcome of the van der Waals model.

![Calculation of the contact forces between two TiO~2~ nanoparticles in the size 10 nm using macroscopic capillary forces (A) and noncontinuum solvation forces (B). Comparison to the state-of-the-art van der Waals model shows the necessity to consider noncontinuum effects.](la-2016-02982w_0007){#fig7}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C shows an oscillating contact force with multiple force minima. These force minima depend on the energetically favorable structure of the molecules between the particles. The maximum contact force of the first minima at 2.3 nN is in very good agreement with the measured values for hydrophilic titania (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} A). The decreasing oscillating force coincides with the predictions from earlier MD simulations for two TiO~2~ nanoparticles.^[@ref20],[@ref37]^ Therefore, combining capillary and solvation forces is a promising approach to explain the contact forces between individual nanoparticles in the range of tens of nanometers. The macroscopic van der Waals model (using *A*~H~ for water) fails to describe the correct physics between the nanoparticles since the molecular structuring is not considered. However, the van der Waals force strongly depends on the interparticle distance *D*, which is generally assumed to be in the order of 0.3 nm.^[@ref17]^ Since [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} C shows that *F*~vdw~ and *F*~C~ are about equal at the position of the first minima (*D* = 0.1 nm), the *F*~vdw~ approach could be used for an easy estimation of contact forces. Nevertheless, this distance has to be determined for each single system, which is challenging and needs complex MD simulations. Therefore, the mathematical approach based on *F*~cap~ + *F*~sol~ is the more easy and correct way to calculate acting contact forces between individual nanoparticles.

Conclusions {#sec4}
===========

In this work we experimentally analyzed the contact forces between individual oxide nanoparticles in the gas-phase. We demonstrated by means of force spectroscopy measurements that contact forces between two nanoparticles can be explained by a water molecule network between the nanoparticles. This network can be described by a combination of capillary and solvation forces. In detail, a meniscus is formed between two particles based on the physisorbed water molecules. The molecules take discrete positions within the meniscus elucidating the fact that noncontinuum effects have to be considered to correctly describe the interplay between the nanoparticles. Our results show that these forces can easily be manipulated by making use of the molecular interaction between the nanoparticles. Finally, a mathematical model was developed combining capillary and solvation forces and was in very good agreement with the experimental results and earlier MD simulations. However, the full picture is by far not understood, and future work should concentrate on the surface characterization of nanostructures. Especially, the physisorption and structuring of molecules on particle surfaces is of great interest. We think that these results will have a strong impact on the field of contact forces between nanostructures and processing of nanoparticles, since adhesion effects are so commonly described using state-of-the-art continuum theories.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.6b02982](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.6b02982).Figure S1--S4, Table S1, and eqns SI-1--SI-5, as well as supporting references ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.6b02982/suppl_file/la6b02982_si_001.pdf)).
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